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Quantitative Analysis of the Efficiency of Clonal Deletion

in the Thymus
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One of the major mechanisms for establishing self-tolerance is the clonal deletion of
self-reactive T cells during their development in the thymus. Using a TCR transgenic mouse
model, we have established a quantitative ex vivo assay for examining the sensitivity and
specificity of negative selection. Thymic organ cultures established from mice of varying
MHC haplotypes were incubated with antigen, and the efficiency of clonal deletion
assessed. We show here that clonal deletion of CD4*8* thymocytes is sensitive to both the
gene dosage and the allelic variation of MHC class II molecules expressed on thymic
antigen-presenting cells. We also find that when epithelial cells in the thymic cortex are the
only antigen-presenting cells expressing the appropriate MHC class II molecules, negative
selection of CD4*8* cells is as efficient as when antigen is presented on all thymic
antigen-presenting cells. These studies demonstrate that the induction of self-tolerance via
clonal deletion in the thymus is a function not only of antigen concentration, but also of
MHC class II cell-surface density. In addition, together with the reports of others, these
results confirm that cortical epithelial cells can mediate negative selection, and demonstrate
that they do so in the intact thymic microenvironment.

KEYWORDS: Negative selection, thymic epithelium, T-cell receptor transgenic, thymix organ culture.

INTRODUCTION

The analysis of thymic selection in T-cell receptor
(TCR) transgenic mice has demonstrated that the
specificity of the TCR determines the fate of imma-
ture thymocytes. Thymocytes bearing TCRs specific
for self major histocompatibility complex (MHC)
class I proteins differentiate into CD8" T cells
(Kisielow et al., 1988b; Sha et al., 1988a, 1988b;
Teh et al, 1988), whereas thymocytes bearing
TCRs specific for self MHC class II proteins differ-
entiate into CD4* T cells (Berg et al., 1989b; Kaye
et al.,, 1989). These studies have also demonstrated
that a thymocyte will die if its TCR cannot bind
self MHC proteins, ensuring that all mature T cells
are likely to recognize foreign peptides bound to
self MHC molecules. Finally, studies of TCR trans-
genic as well as normal mice have demonstrated
that any thymocytes that respond to self antigen
expressed in the thymus are eliminated (negative
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selection) (Berg et al., 1989a; Kappler et al., 1987,
1988; Kisielow et al.,, 1988a; Sha et al., 1988a).

The variables controlling clonal deletion in the
thymus have not been completely described. Previ-
ous studies examining heterogeneous TCRs have
demonstrated that a threshold exists, below which
concentrations of antigen are incapable of inducing
clonal deletion (Schild et al.,, 1990). In addition, it
has been shown that the extent of clonal deletion,
for a single TCR, also depends on antigen concen-
tration (Spain and Berg, 1992; Vasquez et al,
1992). However, no systematic examination of the
effects of MHC sequence variability and surface
density on negative selection of a single defined
TCR has been described. Our previous studies us-
ing a TCR transgenic mouse system demonstrated
that the efficiency of positive selection is pro-
foundly influenced by alterations in both the sur-
face density and the specific sequence of MHC
molecules expressed in the thymus (Berg et al,
1990). These results suggested that the induction
of self-tolerance via clonal deletion might also be
sensitive to subtle alterations in the expression of
MHC molecules.
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A second unresolved issue of T-cell development
is how thymocytes are able to distinguish the
MHC/peptide complexes inducing positive selec-
tion from those inducing negative selection. One
possibility is that the affinity of the TCR for the
MHC /peptide ligands encountered in the thymus is
the sole determinant of thymic selection. Alterna-
tively, it has been suggested that different antigen-
presenting stromal cells of the thymus may be
specialized in their ability to mediate these two
selection events by providing specific costimulatory
interactions. (Lo and Sprent, 1986; Marrack et al,,
1988, Benoist and Mathis, 1989; Berg et al., 1989).
In addition, we and others (Lo and Sprent, 1986;
Benoist and Mathis, 1989; Berg et al., 1989) have
previously shown that the appropriate MHC class II
expression on thymic cortical epithelium is both
necessary and sufficient to induce positive selection.
Recent studies have demonstrated that thymic epi-
thelium can also mediate negative selection (Carlow
et al., 1992; Iwabuchi et al., 1992; Speiser et al.,
1992), indicating that these cells are not specialized
for positive selection. However, the relative effi-
ciency of cortical epithelial cells for inducing clonal
deletion was not addressed in these prior studies
due to an inability to control the amount of antigen
available to the MHC molecules on the epithelium.
Thus, it remained possible that negative selection by
antigens present on thymic epithelium could be
physiologically important only for very abundant or
high-affinity antigens.

Here we have used a quantitative assay, based on
thymic organ cultures derived from TCR transgenic
mice, to test the influence of MHC surface density
and sequence variability on the efficiency of clonal
deletion. In addition, we have directly compared the
efficiency of clonal deletion mediated by peptides
presented solely on thymic cortical epithelium to
that of peptides presented on the total population of
thymic antigen-presenting cells. We find that in
addition to peptide concentration, both the surface
density and specificity of the MHC class II molecules
have dramatic effects on the efficiency of clonal
deletion. Furthermore, we find that peptides pre-
sented on thymic cortical epithelial cells induce
clonal deletion as efficiency as peptides presented on
any other thymic cell type. These results demon-
strate that variables other than antigen concentra-
tion, including MHC surface density and specificity,
have profound effects on the efficiency of clonal
deletion in the thymus.

RESULTS

The Efficiency of Clonal Deletion in Newborn
Thymic Organ Cultures Depends on MHC
Sequence and Surface Density

To quantitatively assess the efficiency of clonal
deletion in the thymus, we have used a thymic
organ culture assay derived from TCR transgenic
mice. For theése studies, we used mice transgenic for
the a and B chains of the 2B4 T-cell receptor (TCR),
which is specific for MHC class II I-E* plus the
c-terminal fragment of moth or pigeon cytochrome
c. These transgenic mice have been extensively
studied and have been shown to express the a and
B chains of the 2B4 TCR on <95% of thymocytes
(Berg et al., 1989b). In addition,” we found that
thymocytes bearing the 2B4 TCR develop into CD4*
T cells only when I-EX, or the closely related hybrid
molecule E};KE, is expressed in the thymus (Berg et
al., 1989b). Our previous studies have shown that
fetal or neonatal organ cultures of 2B4 TCR trans-
genic thymi are an effective method for the analysis
of antigen-mediated deletion (Spain and Berg,
1992). These studies demonstrated that when moth
cytochrome ¢ peptide 88-103 (MCC) is added to the
culture medium of 2B4 transgenic thymuses,
CD4%8" thymocytes are efficiently eliminated.
MCC peptide had no effect on organ cultures estab-
lished from nontransgenic thymuses or on I-E(H-
2°)2B4 TCR transgenic thymuses. Furthermore,
control I-E binding peptides from hemoglobin (Bd
minor, residues 67-76) or hen egg lysozyme (resi-
dues 85-96) also did not induce clonal deletion of
2B4 transgenic CD4*8" thymocytes (Spain and
Berg, 1992; and data not shown).

We first examined the effects of varying MHC
class II I-E surface density and allele specificity on
negative selection. For these experiments, we com-
pared clonal deletion in 2B4 TCR transgenic mice
congenic for three different MHC haplotypes (see
Table 1). H-2* mice express a high density of I-E* on
all antigen-presenting cells. H-2** mice, which
have only one functional copy of the E, gene

TABLE 1
B10 Haplotype Designations at the I-E Locus
Strain E, alleles Eg alleles
H-2k kk k;k
H-2kb k;- k;b
H-2b%is k;- b;b
H-obxhe - bk
H-2P (AY transgene) —— (k transgene) b;b
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(Mathis et al.,, 1983), express significantly lower
levels of surface I-E; furthermore, this I-E is a
mixture of I-E* and the hybrid I-E molecule, E‘;EE’
Finally, H-2"% mice, which also have only one
functional copy of the E, gene, express only low
levels of the hybrid E¢Eg molecule on their antigen-
presenting cells (Berg et al., 1990). We have previ-
ously shown that the efficiency of positive selection
of 2B4"CD4"* thymocytes varies dramatically be-
tween mice of these three different MHC haplo-
types, with H-2* being the most efficient and H-
2245 the least efficient (Berg et al., 1990).

To examine the effects of MHC variation on
negative selection, neonatal thymuses from 2B4
TCR transgenic mice of each type were cut into 6
pieces and incubated at the air-medium interface in
the presence of variable concentrations of peptides.
After 2 days, the cultured lobes were dissociated
and stained with antibodies against CD4, CD8, and
2B4 TCR. Stained cells were pregated for 2B4 TCR
a-chain expression (of which <95% also expressed
the 2B4 B chain) and further analyzed for CD4 and
CD8 expression. Results for two individual mice,
one of the H-2* and one of the H-2® haplotype,
are shown in Fig. 1(A). Thymic fragments were
incubated with no peptide, 0.01 pM, or 0.1 uM
moth cytochrome ¢ (MCC) peptide. As expected,
CD4*8™* thymocytes were deleted by MCC peptide
in a dose-dependent manner. Furthermore, thymo-
cytes in the H-2* thymus were more sensitive to
deletion by the same concentration of MCC peptide
than were those in the H-2® thymus. A summary
of the data from a more extensive peptide titration
indicates that approximately tenfold more MCC
peptide was required to induce an equivalent level
of deletion in H-2"* than H-2* thymuses (Fig. 2).
Interestingly, clonal deletion mediated by the MCC
peptide was even more inefficient in 2B4 TCR
transgenic mice of the H-2"> haplotype. We found
that when MCC peptide is presented on the hybrid
EX/ EE molecule approximately 100-fold higher con-
centrations of peptide are required to induce an
equivalent level of deletion as in H-2* mice (Fig. 2).

The 2B4 hybridoma was originally generated
from an H-2* mouse immunized with pigeon cy-
tochrome ¢ (Hedrick et al,, 1982). As with most
I-E* /cytochorme c reactive T cells, the 2B4 hybri-
doma responds better to the homologous peptide
from moth cytochrome ¢ than to the original immu-
nogen, pigeon cytochrome ¢ (Hedrick et al., 1982;
Fox et al., 1987). Thymic organ cultures derived
from H-2%® 2B4 TCR transgenic mice were incu-

bated with a range of concentrations of the pigeon
cytochrome ¢ (PCC) peptide, and the elimination of
CD47*8" thymocytes was examined after 48 hr. As
can be seen in Fig. 2, approximately tenfold higher
concentrations of PCC peptide than MCC peptide
are required to induce the same extent of clonal
deletion.

The Efficiency of Negative Selection by Cortical
Epithelium Is Comparable to that Induced by
Total Thymic-Presenting Cells

In order to determine the efficiency with which
thymic cortical epithelial cells can mediate negative
selection, the exposure of developing thymocytes to
”self” antigen must be controlled both spatially and
temporally. To do this, we used a second line of
transgenic mice that carry an MHC class II E§ gene
in their germline. Mice of the H-2° MHC haplotype
lack all surface I-E expression due to a deletion in
the promoter region of the endogenous E, gene
(Mathis et al., 1983). Surface I-E expression in these
mice can be restored with a transgenic EX gene. The
AY line of transgenic mice carries an EX gene with a
small deletion in the promoter region; in mice, this
mutated EX gene leads to I-E expression in the
thymus almost exclusively on cortical epithelial
cells, although ~1% of medullary dendritic cells are
also positive (van Ewijk et al., 1988). Using the
2B4/AY double transgenic mice, we have previously
shown that I-E expression on thymic cortical epi-
thelium is both necessary and sufficient for positive
selection of the 2B4 TCR (Berg et al.,, 1989b). In
those experiments, 2B4"CD4"T cells developed in
AY mice, but not in mice lacking I-E or expressing it
only on stromal cells of the thymic medulla (Berg et
al., 1989b).

We then tested neonatal thymic organ cultures
derived from the 2B4/AY double transgenic mice
for clonal deletion in the presence of MCC peptide.
No deletion of CD4"8" thymocytes was detected at
any peptide concentration (data not shown). Immu-
nohistochemistry of cryosections from fetal and
neonatal AY thymuses indicated that surface I-E
expression was completely lacking at these stages
(data not shown). We determined that AY mice >6
weeks old showed levels of cortical epithelial I-E
expression comparable to that of H-2* mice, as has
been previously reported (van Ewijk et al., 1988).
The lack of I-E expression in neonatal mice required
us to modify the thymic organ culture technique for
adult thymuses. Adult thymuses were isolated, cut
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FIGURE 1. Effects of antigenic pep-
tide on neonatal and adult 2B4 trans-
genic thymic organ cultures. Thymic
fragments from (A) neonatal H-2*
and H-2*® mice and (B) adult H-2<®
mice were incubated in the indicated
concentrations of MCC (88-103) pep-
tide for 48 hr. The fragments were
dissociated and stained for 2B4 o,
CD4, and CD8. The samples were
gated for expression of 2B4 o and the
results for CD4 versus CD8 expres-
sion is displayed. The percentage of
cells in each quadrant is indicated. (C)
Neonatal thymic fragments from H-
2% mice were incubated in the ab-
sence (left) or presence (right) of 1 uM
MCC peptide for 12 hr and stained as
before. (D) Forward-scatter profiles of
CD4+8*/CD4°"8"°"  thymocytes
cultured in the absence (left) or pres-
ence (right) of 1-uM peptide for the
indicated time. Profiles for neonatal
thymic organ cultures are shown
above, and adult thymic organ cul-
tures below. A vertical line is shown
to provide a reference point in com-
paring the forward-scatter profiles.
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FIGURE 2. MHC allelic variation and antigenic peptide se-
quence alter the dose response of clonal deletion in neonatal
thymic organ culture. The a and 8 2B4 TCR transgenes were
crossed onto different B10 congenic MHC haplotypes as indicated
(see Table 1). Due to a deletion in the promoter of the E, gene in
H-2® mice, H-2® express approximately one-half as much
surface I-E as do homozygous H-2% mice; in addition, H-2%®
mice express both I-E¥ and the hybrid EX /E§ molecule. H-25%5
mice (derived by crossing 2B4* H-2P mice to the B10.A(5R
strain, see Table 1) express heterozygous levels of only the EX /Eg
hybrid molecule. Neonatal thymic fragments were incubated for
48 hr in the indicated concentrations of either moth or pigeon
cytochrome ¢ peptides, and analyzed by FACS as described in
Materials and Methods. The percentages of CD4*8* thymocytes
as a function of peptide concentration are displayed.

into small pieces (~1 mm?), and placed in culture
floating on sterile sponges. We determined that
individual ~1 mm® thymic fragments contained
reasonably equivalent percentages of thymocyte
subsets. For example, 6 fragments from a 2B4
transgenic H-2* thymus contained on average (+/ -
standard deviations) 16.3% +6.5% CD4*8~ thymo-
cytes, 62.2%=*10.1% CD4"8* thymocytes,
14.2% +6.7% CD4 8" thymocytes, and 7.2% +2.4%
CD4'8* thymocytes after 2 days in organ culture.
Thymic fragments from age-matched 2B4 trans-
genic mice of either the H-2** or the AY genotypes
were incubated with dilutions of moth cytochrome ¢
peptide, and the extent of deletion of CD4*8*
thymocytes was determined by antibody staining.
The results of a representative CD4 and CD8 stain-
ing (previously gated on 2B4 TCRa ™ cells) of adult
H-2%® thymic fragments incubated with no peptide,
0.01 uM, and 0.1 uM are shown in Fig. 1(B). We
found that peptide added to adult thymic fragments
resulted in a reduction in surface staining of CD4
and CDS8, rather than in complete deletion as was
observed in the neonatal samples; compare Figs.
1(A) and 1(B). Thymocytes with down-modulated
CD4 and CD8 (CD4'°"8'°*) persisted in the thymic

organ cultures for at least 72 hr after peptide addi-
tion (the latest time point tested). In addition, we
found that incubation in the presence of peptide did
not reduce the number of thymocytes recovered
from the organ cultures. Because we have previ-
ously reported that deletion of CD4*8" thymocytes
in neonatal organ cultures is preceded by a stage
during which the thymocytes exhibited reduced
CD4 and CD8 expression (Spain and Berg, 1992;
and see Fig. 1(C), we decided to determine whether
CD4!°%8'" thymocytes present in adult thymic
organ cultures were in other respects similar to
neonatal thymic clonal deletion intermediates. We
com%)ared forward- and side-scatter parameters of
CD4°"8'°" thymocytes at an early time point (12
hr) in neonatal cultures with CD4°"8'°" thymo-
cytes from adult organ cultures. As shown in Fig.
1(D), CD4'°"8!°" thymocytes in both cases exhihit a
higher degree of forward light scatter indicative of
increased size. Thymocytes from neonates and
adults also had increased side scatter following
peptide treatment (data not shown). Based on these
results, we think it likely that CD4lowglow thymo-
cytes in adult organ cultures are in fact intermedi-
ates in the process of clonal deletion, but that for
unknown reasons, perhaps because of age or size-
related differences in thymic architecture, the adult
thymuses are unable to support full deletion during
the 48-hr culture period. Others have also reported
that CD4 and CD8 down-regulation occurs as an
intermediate in the deletion process (Carlow et al.,
1992; Iwabuchi et al., 1992; Swat et al., 1992). Page
and co-workers (1993) further report that
CD4°"8!°" thymocytes can be induced to undergo
apoptosis (in the absence of further antigenic stim-
ulation) by class II transfected L929 fibroblasts or
spleen APCs in vitro.

Our data show that the peptide sensitivity of the
adult thymocytes (manifested as a decrease in
CD4MCD8™ thymocytes) is absolutely consistent
with the sensitivity of deletion in neonatal thymic
organ cultures; compare Figs. 1(A) and 1(B) for
H-2® mice. We therefore calculated the extent of
”deletion” in the adult cultures as the reduction in
the percent of CD4M8" thymocytes in the peptide-
treated compared to the untreated control thymi.
The results of a representative experiment (one of
four independent trials) are shown in Table 2. In
both the AY and the control H-2X® thymuses,
significant depletion of CD4™M8™ thymocytes was
observed at MCC peptide concentrations down to
0.01 pM. Most importantly, the AY and control
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TABLE 2
Titration of MCC Peptide-Mediated CD4/CD8 Down-
regulation in Adult 2B4 Transgenic. (H-2%), 2B4/AY
Transgenic, and Non-transgenic Thymuses®

Fraction of CD4*8% cells

MCC peptide (uM) H-2k® AY Non transgenic
0 1 1 1

0.01 0.5 0.4

0.1 0.08 0.06

1 0.04 0.01

4 0.04 0.01

10 0.03 0.003 1.05

40 0.03 0.001

® Thymic fragments were incubated in organ culture with the indicated concen-
tration of MCC peptide. After 2 days, the fragments were dissociated and the cells
simultaneously stained for 2B4 0, CD4, and CD8 expression, and analyzed by FACS.
The fraction of 2B4 0.* CD4*8* (as opposed to CD4°"8'°¥) thymocytes present in
peptide-treated relative to untreated thymic fragments is shown for each sample.

thymic fragments did not differ in their efficiencies
of mediating CD4"8" down-regulation. The MCC
peptide had no effect on thymocytes in nontrans-
genic thymic organ cultures (Table 2); in addition,
non-MCC, I-E-binding peptides derived from hen
egg lysozyme or hemoglobin also had no effect on
transgenic thymic organ cultures (data not shown).

Cortical Epithelial Cells Efficiently Process
Whole Cytochrome C Antigen

Cortical epithelial cells have been found to be
deficient in antigen processing and presentation for
some intact antigeng (Lorenz and Allen, 1989; Ran-
som et al., 1991). Consequently, we were interested
in determining whether thymic cortical epithelial
cells could process intact protein antigens as well as
present synthetic peptide fragments. We expected
that the whole protein cytochrome ¢ might be a less
potent antigen than synthetic peptide due to the
extra requirements of proteolytic processing. In or-
der to be able to account for this difference, we first
tested the efficiency with which normal spleen
antigen-presenting cells process and present pigeon
cytochrome ¢ protein as compared with synthetic
peptide. Lymph node cells from a 2B4 TCR trans-
genic mouse were incubated with irradiated spleen
cells and various concentrations of whole cy-
tochrome ¢ protein or peptide (PCC, 88-104) anti-
gen. After 48 hr, cultures were pulsed with *H-
thymidine as a measure of proliferation. As shown
in Fig. 3, we found that spleen cells do efficiently
process whole cytochrome ¢, although the protein is
a less efficient antigen on a molar basis than the
synthetic peptide, as has previously been reported
(Matis et al., 1983; Wettstein et al., 1991).
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FIGURE 3. Synthetic PCC peptide is a more potent antigen for
2B4* T cells than whole cytochrome ¢ protein. 2B4 transgenic
lymph node cells were stimulated with H-2* spleen antigen-
presenting cells in the presence of the indicated concentrations of
antigen. Each data point is the average proliferative response (+
standard deviation) from triplicate wells. The experiment was
repeated twice with identical results.

Because AY (H-2°) mice express an EX /EE hybrid
I-E protein that does not bind pigeon cytochrome c,
the 2B4/AY double transgenic mice were crossed to
the B10.A(4R) congenic strain that carries an E};
gene together with the nonfunctional Ef allele. The
resulting AY (H-2°**) mice (see Table 1) express the
I-EX MHC protein, which binds the pigeon cy-
tochrome ¢ peptide; in addition, the surface I-E*
expression in these mice is controlled by the AY
transgene. The sensitivity of CD4*8" down-
regulation was assessed by exposing thymic frag-
ments in organ culture to different concentrations of
pigeon cytochrome ¢ whole protein versus synthetic
peptide. As was the case in the proliferation assays
(see Fig. 3), cytochrome c¢ protein was less efficient
than synthetic peptide at mediating down-
regulation in both AY and control H-2* 2B4 trans-
genic thymus fragments (Fig. 4). However, at
concentrations of 1 uM and higher, whole cy-
tochrome c protein induced an equivalent effect on
CD4MCD8™ cells in both AY and H-2* thymuses
(Fig. 4). These results suggest that cortical epithelial
cells are capable of processing and presenting anti-
gen to thymocytes. We also reproducibly observed a
slight decrease in the sensitivity of CD4"8" cells in
AY thymuses compared to H-2% thymuses when
incubated with 0.1 uM cytochrome ¢ protein, sug-
gesting that cortical epithelial cells may be some-
what less effective at processing antigen.
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DISCUSSION

We have examined several factors influencing the
outcome of clonal deletion in the thymus. Our
analysis has focused on a single TCR specificity in
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FIGURE 4. Clonal deletion by synthetic PCC peptide versus
intact cytochrome c protein. Fragments from (A) 2B4 transgenic,
H-2* and (B) 2B4/AY transgenic, H-2""* thymuses (see Table 1
for strain designations) were incubated in organ culture with
varying concentrations of antigen. After 48 hr, thymic fragments
were dissociated and the cells simultaneously stained for 2B4 o,
CD4, and CD8 expression, and analyzed by FACS as described in
Materials and Methods. The percentage of 2B4*, CD4*8*
thymocytes in thymic fragments is shown for each concentration
of antigen. Open squares indicate values for synthetic PCC
peptide; closed diamonds indicate values for whole cytochrome ¢
protein.

order to examine the effects of antigen concentra-
tion, MHC surface density, and MHC allele speci-
ficity on the efficiency of negative selection. The fine
specificity of the 2B4 TCR has been characterized in
great detail (Hedrick et al.,, 1982). The 2B4 hybri-
doma was generated by immunizing an H-2? (I-E*-
positive) mouse with pigeon cytochrome c.
However, in addition to responding to PCC + I-EX,
this hybridoma also responds to MCC+I-EX, In fact,
about tenfold lower concentrations of MCC peptide
than PCC peptide are required to elicit the same
level of resposne. Additionally, this hybridoma
cross-reacts on MCC plus the hybrid I-E molecule,
EX/Eg, although the response to this ligand also
requires about tenfold more peptide to elicit an
equivalent response (Fink et al., 1986). Interestingly,
clonal deletion of 2B4* CD4*8" thymocytes follows
exactly the same pattern. Approximately tenfold
more PCC peptide than MCC peptide is required to
induce the same level of deletion of 2B4* thymo-
cytes; furthermore, clonal deletion mediated by
MCC +EX/ EE is approximately ten- to 100-fold less
efficient than deletion mediated by MCC + I-EX,
In addition, we find that MHC surface density
and MHC allele specificity also play a significant role
in determining the efficiency of clonal deletion.
When antigen-presenting cells carry one nonfunc-
tional E, allele, as in H-2* mice, they express
~50% as much total I-E as homozygous H-2* cells
(Berg et al., 1990); in addition, H-2® mice express
both EX /E}; and EX /E‘g. We show that approxi-
mately tenfold higher levels of MCC peptide are
required to induce the same degree of clonal dele-
tion in H-2%® thymuses as is observed in homozy-
gous H-2% thymuses (Fig. 2). We also found tht
heterozygous levels of EXEf alone required an addi-
tional ten fold higher concentration of MCC peptide
to induce the same degree of deletion (Fig. 2). Had
the lower level of E§E}§ present in H-2¥® thymuses
been capable of inducing deletion with an efficiency
equivalent to that in the homozygous H-2* thy-
muses, we would have seen similar peptide sensi-
tivity in the two cases, regardless of the presence of
E¢Ep. Instead, the results from H-2® were imme-
diately between the H-2" (heterozygous levels of
EXER) and H-2* haplotypes, demonstrating that
both allele type and MHC density play a role in
modulating deletion sensitivity. However, our data
do not address which of these two variables is more
important in modulating deletion sensitivity.
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Our previous studies indicated that positive selec-
tion is equally sensitive to the surface density of the
selecting MHC molecules. For instance, twice as
many mature 2B4*CD4" T cells are generated in
homozygous H-2¥ mice as in heterozygous H-22®
mice (Berg et al, 1990). In this regard, clonal
deletion is much more similar to positive selection
than it is to activation, because activation of the 2B4
hybridoma is not sensitive to this same difference in
MHC surface density (Hedrick et al., 1982). In fact,
primary in vitro stimulation of T cells from cy-
tochrome c¢-primed mice (Matis et al., 1982a, 1983)
as well as stimulation of long-term cytochrome
c-reactive T-cell lines (Matis et al., 1982b) are also
not affected by these changes in I-E surface density.

Taken together, these data indicate that clonal
deletion in the thymus is not absolute. For thymo-
cytes of a given specificity developing in the pres-
ence of their known MHC/peptide ligand, clonal
deletion may eliminate some cells, whereas others of
the same specificity survive and mature. Further-
more, it is not simply the concentration of antigen
that influences this outcome, but the surface density
of MHC molecules as well. In each case, a relatively
wide range of antigen concentrations (over approx-
imately tenfold) results in the intermediate state of
partial deletion of reactive thymocytes. Presumably,
in such a situation self-reactive thymocytes that
survive development in the thymus would be ex-
ported to the periphery. These results attest to the
need for a mechanism of peripheral tolerance, as
concentrations of antigen clearly capable of inducing
a signal do not always succeed in inducing deletion
of all thymocytes of the appropriate specificity.

These experiments also provide a quantitative
measure of the efficiency of negative selection me-
diated by thymic epithelium in an ex vivo (thymic
organ culture) system. By comparing AY vs, H-2°®
thymuses, we tested deletion in the absence and
presence of I-E* thymic hemopoietic cells in two
strains that were similar with regard to their effi-
ciency of positive selection (Berg, 1989b). Had
hematopoietic-derived cells been very much more
efficient at deletion than epithelial cells, we would
have expected to find that normal H-2® thymuses
were significantly better at deletion than the I-E*
hemopoietic cell-deficient AY strain. This prediction
depends on the assumption that the level of I-E
expression on epithelial cells, and the relative ability
of I-E to present antigen, is not significantly higher
in AY than in H-2*® thymuses. Our experiments
(unpublished observations) and those of others (van

Ewijk et al., 1988) indicate that the level of I-E
expression in the AY cortex is comparable to that in
wild-type H-2* mice, although these observations,
derived from immunofluorescence assays, may not
show small differences in expression. In addition, in
the AY mice, the I-E is composed entirely of EXEf
hybrid molecules, whereas in the H-2"® mice it is
comprised of both E§EjR. Thus, although MHC
density might be somewhat lower in H-2%® versus
AY thymi, the presence of the Eg allele recognized
more efficiently by the 2B4 TCR (Elg) is likely to
compensate for a lower level of expression in H-2®
thymuses. In fact, this conclusion is supported by
the data on positive selection in these two strains.
We have previously shown that positive selection
occurs on thymic epithelial cells, and is very sensi-
tive to I-E allele and gene dosage (Berg et al., 1990).
When the efficiency of positive selection in AY and
H-2% 2B4 transgenic mice is examined, we find
that these two strains are directly comparable (Berg
et al.,, 1989Db).

Others have recently reported that thymic epithe-
lial cells can induce clonal deletion of CD4*8*
thymocytes in vivo (Carlow et al., 1992; Speiser et
al., 1992). Our expetriments support and extend
these results by strongly . suggesting that thymic
cortical epithelium is as efficient as any other thymic
cell type at mediating peptide-specific negative se-
lection of CD4*8* thymocytes. Our conclusion is
based on earlier experiments that AY thymuses do
express I-E on a small percentage (1%) of medullary
stromal cells (van Ewijk et al., 1988). It is unlikely
that AY thymuses would be able to induce negative
selection of CD4*8* thymocytes as efficiently as
wild type thymuses if this small subset of cells were
solely responsible for clonal deletion. Furthermore,
the medullary location of these cells would make
them unlikely to effect the CD4*8* thymocytes
that reside in, and are eliminated in (Murphy et al.,
1990), the thymic cortex.

Our results are inconsistent with reports that
thymic epithelial cells are less efficient than other
thymic stromal cells at deleting thymocytes (von
Boehmer and Hafen, 1986; von Boehmer and Schu-
biger, 1984; Carlow et al., 1992). One possible
explanation for this discrepancy might be that dif-
ferences in the expression or accessibility of the
deleting antigen could not be controlled in these
previous studies. For instance, the higher efficiency
of deletion of H-Y reactive T cells by bone marrow-
derived versus epithelial cells might be due to
higher expression of the H-Y antigen in bone mar-
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row cells (Carlow et al., 1992). In a recent study,
Jenkinson and co-workers (1992) have shown in an
in vitro reconstituted thymic system that epithelial
cells mediate deletion by SEB with lowered effi-
ciency. It is possible that our results differ from
those of Jenkinson and colleagues due to differences
in superantigen versus convential antigen-mediated
deletion.

It is also possible that differences between our
results and those of others may be due to differences
in antigen processing and presentation by thymic
epithelium. To address this possibility, we deter-
mined the ability of thymic epithelium to process
protein antigens. Our studies indicate that thymic
cortical epithelial cells are capable of processing as
well as presenting protein antigen to thymocytes
undergoing selection in the thymus. The thymic
cortical epithelial cells in AY mice were observed to
be only slightly less efficient than other antigen-
presenting cells at processing whole cytochrome ¢
protein for negative selection. It has been previously
reported that thymic epithelial cell lines may be
deficient in the processing of some ovalbumin anti-
gens (Ransom et al., 1991). Our results are consis-
tent with the idea that thymic epithelium is able to
present antigens, but that for some antigens, protein
processing may be inefficient. Alternatively, we
have not ruled out the possibility that other thymic
cells could process the cytochrome ¢ antigen and
deliver peptides to the epithelial cells for presenta-
tion to thymocytes.

We also report here the unexpected finding that
deletion occurs with slower kinetics in organ cul-
tures derived from adult versus neonatal thymus. In
exploring this phenomenon, we have further char-
acterized the CD4'°"8'°% deletion intermediates ob-
served in neonatal thymic organ cultures and have
found they have increased in size and density as
measured by light-scatter parameters. One implica-
tion of our observations is that deletion might occur
in two discrete steps, the first involving coreceptor
down-regulation, and the second resulting in overt
cell death and apoptosis. Evidence for a two-step
mechanism for deletion of thymocytes in vitro has
recently been reported (Page et al., 1993). In further
support of the two-step hypothesis, we have also
observed that chinese hamster ovary (CHO) fibro-
blasts (transfected with I-E¥) induce peptide-
dependent coreceptor down-regulation and size
increases without inducing cell death when cocul-
tured with thymocytes (Spain and Berg, unpub-
lished observations). We presume that CHO

fibroblasts lack a cofactor essential for deletion, and
suggest that adult thymic fragments in organ culture
might also be limited in this presumed cofactor. This
hypothesis, although speculative, is amenable to
further experimentation.

From these experiments, we conclude that the
efficiency of clonal deletion is influenced by MHC
surface density as well as antigen concentration and
MHC allele specificity. These data argue that TCR
recognition of MHC /peptide ligands during positive
and negative selection is strikingly similar. Further-
more, we find that both positive and negative
selection can result from thymocyte interactions
with the same antigen-presenting cells. These re-
sults indicate that thymic cortical epithelial cells are
not specialized for the sole function of mediating
positive selection, and suggest that the outcome of
thymic selection is solely dependent on the specific
details of the TCR interaction with MHC/peptide
complexes.

MATERIALS AND METHODS

Mice

2B4 transgenic, AY transgenic (provided by D.
Mathis and C. Benoist), and nontransgenic B10.BR/
SgSn] and B10.A(4R), B10.A(5R) (obtained from
Jackson Labs) mice were maintained and bred under
standard conditions.

Thymic Organ Cultures

Neonatal thymuses were cultured according to pro-
cedures previously described (Spain and Berg,
1992). Adult and neonatal lobes were cut using
small curved scissors into 1-mm?® pieces and placed
on a strip of nitrocellulose supported by a sterile
gelatin sponge (Upjohn) soaked in RPMI/10% fetal
calf serum plus 5X 107> M B-mercaptoethanol, gen-
tamycin, penicillin, and streptomycin. Each experi-
ment was repeated at least 3 times (unless otherwise
noted in the figure captions), and a representative
example given in the figures.

Antigens

Cytochrome ¢, C-terminal peptides from moth (88-
103, MCC) and pigeon (88-104, PCC) were synthe-
sized by the Microchemistry Facility, Harvard
University. Purity was analyzed by mass spectrom-
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etry and analytical HPLC. The MCC peptide was
further purified by preparative HPLC. Whole pigeon
cytochrome ¢ (Sigma) was purified by HPLC. Anti-
gen concentrations were confirmed by absorbance at
280 nm.

FACS Analysis

Directly conjugated rat anti-mouse CD4-PE and
directly conjugated rat anti-mouse CD8-Red 613
monoclonal antibodies were purchased from
GIBCO-BRL. Other antibodies used were hamster
anti-mouse CD3 (clone 500A2) Havran, et al., 1987
biotinylated anti-VB3 (clone KJ25) Pullen, et al, 1988
and FITC-conjugated anti-2B4 a chain (clone A2B4-
2) (Samelson et al.,, 1983). FITC-conjugated goat
anti-hamster IgG affinity-purified antibody was
purchased from Caltag. Cultured thymic organs
were dissociated and the cells stained using the
earlier reagents for CD4, CD8, and CD3 simulta-
neously, and in some cases, parallel samples were
stained for CD4, VB3, and the clonotypic 2B4 o
chain. Flow cytometric analysis was performed on a
FACScan instrument (Becton-Dickinson). Ungated
data (10,000 events per sample) were collected in
list mode using FACScan Research software and
analyzed using LYSYS software (Becton-Dickinson).
Before analysis of antibody staining, samples were
gated on live cells based on forward- and side-
scatter parameters.

Antigenic Stimulation

10° irradiated B10.BR (I-E¥) spleen cells were plated
with 10° 2B4 transgenic lymph node cells in triplicate
wells. After 48 hr, each well was labeled for 16 hr
with ®H-thymidine (I uCi/well), harvested on filter
discs (Skatron), and counted in Biofluor (DuPont).
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